Aquaculture is challenged by a number of constraints with future efforts towards sustainable production. Global climate change has a potential damage to the sustainability by changing environmental surroundings unfavorably. The damaging parameters identified are water temperature, sea level, surface physical energy, precipitation, solar radiation, ocean acidification, and so on. Of them, temperature, mostly temperature elevation, occupies significant concern among marine ecologists and aquaculturists. Ocean acidification particularly draws shellfish aquaculturists' attention as it alters the marine chemistry, shifting the equilibrium towards more dissolved CO 2 and hydrogen ions (H + ) and thus influencing signaling pathways on shell formation, immune system, and other biological processes. Temperature elevation by climate change is of double-sidedness: it can be an opportunistic parameter besides being a generally known damaging parameter in aquaculture. It can provide better environments for faster and longer growth for aquaculture species. It is also somehow advantageous for alleviation of aquaculture expansion pressure in a given location by opening a gate for new species and aquaculture zone expansion northward in the northern hemisphere, otherwise unavailable due to temperature limit. But in the science of climate change, the ways of influence on aquaculture are complex and ambiguous, and hence are still hard to identify and quantify. At the same time considerable parts of our knowledge on climate change effects on aquaculture are from the estimates from data of fisheries and agriculture. The consequences may be different from what they really are, particularly in the temperature region. In reality, bivalves and tunicates hung or caged in the longline system are often exposed to temperatures higher than those they encounter in nature, locally driving the farmed shellfish into an upper tolerable temperature extreme. We review recent climate change and following environment changes which can be factors or potential factors affecting shellfish aquaculture production in the temperate region.
Introduction
Global change encompasses changes in the characteristics of inter-related climate variables in space and time, and derived changes in terrestrial processes, including human activities that affect the environment (Green et al., 2011) . As such, projected global change in aquatic systems may include systems of groundwater, reservoir, river, coast, and ocean. The concern of climate change has been on the elevated temperature collectively called global warming (Handisyde et al., 2006; IPCC, 2007) .
The global warming is the current rise and projected continuation of temperature on average both in atmosphere and oceans initiated by anthropogenic activities, especially those that elevate concentrations of greenhouse gases in the atmosphere (NAS, 2008) . According to IPCC report (IPCC, 2007) , scientists directly measured the global surface temperature increase about 0.74°C during the last 100 years and estimated potential future warming with a likely range from 2.0-5.4°C. In fact, global warming is http://dx.doi.org/10. 9710/kjm.2012.28.3.277 종설 [Review] a heterogeneous process, since it affects different parts of the earth differently. Globally, however, mean temperatures of water bodies are projected to increase by up to 4°C by the end of this century according to plausible global change scenarios (IPCC, 2007) .
Climate change is global happening but its damage may differ region by region. However, most studies have focused on terrestrial and oceanic systems. For instance, data from observation and prediction provide abundant evidence that freshwater systems are more vulnerable and thus have bigger damage potential (Parmesan, 2006; Bates et al., 2008) , but detailed information on the freshwater system are less available. Similarly, study subjects of global change are mostly focusing on bigger issues: damages in ocean ecosystem (Alheit and Niquen, 2004) , agricultural production, fisheries resources (Niquen and Bouchon, 2004; Perry et al., 2005; Lehodey et al., 2006) , food security (Jones and Thornton, 2003; Gregory et al., 2005) , and human health and safety (Patz et al., 2005; Flegel, 2009; Olson et al., 2009 ).
The damage study on aquaculture is less specified (Handisyde et al., 2006) , thus, detailed information is still lacking.
The ongoing warming trend affects physical, chemical, and biological properties of aquatic ecosystems, with implications for water quality and for aquatic life (Stenevik and Sundby, 2007; Wernberg et al., 2011; Paalvast and van der Velde, 2011) . In the innate cellular and physiological level, the changing water temperature may affect the metabolic rates of aquatic organisms, and for some species there may be shifts beyond their critical threshold for survival (Lorenzena et al., 2009) . At the same time, temperature elevation may provide new surroundings for newly invading species to survive and complete their life cycles otherwise unavailable due to temperature limit, although this may come at the expense of indigenous species extinction through competition (Dukes and Mooney, 1999; Vitousek et al., 1997; Rosenzweig et al., 2008) . Overall, climate change will have pervasive effects on the physical structure and connectivity of aquatic ecosystems, food webs and biodiversity, biogeochemical characteristics, and overall metabolic properties (Wolf, 1988a,b; Jonassen et al., 1999; Hjeltnes et al., 1993) .
The CO 2 -driven change in seawater pH and carbonate chemistry can potentially lead to complex biological effects in calcium-carrying shellfish such as bivalves, crustaceans and other calcifiers. Even though there is a lack of systematic understanding on how decreased ocean pH would affect the more general organismal stress responses of the shellfish, a number of biological damages are identified, all of which can be integrated into overall loss of shellfish viability (Hernroth et al., 2012) . Of them, immune suppression (Bibby et al., 2008) , shell formation (Talmage and Gobler, 2009), abnormal growth and reproduction (Hernroth et al., 2004; Martin and Courtney, 2010) , and protein formation and other biological damages (Welladsen et al., 2010; Bamber, 2011; Range et al., 2012; Hernroth et al., 2012) are of particular concern in aquaculture industry for the species.
Question is exacerbating effect of parameters induced by climate change. This is significant because ocean acidification will not act alone but rather in synchrony with other predicted environmental shifts such as temperature elevation. An empirical model by Findlay et al. (2010a,b) suggests that combined effects of warming and ocean acidification will have much stronger effects than single factors would have on the barnacle Semibalanus improvisus. Hernroth et al. (2012) studied cellular responses to stress through evaluating protein carbonyls and lipid oxidation in lobster hepatopancreata and found that acidified water significantly increased protein carbonyls, indicating stress-induced protein alterations. They also found that the extracellular pH of lobster hemolymph was reduced by approximately 0.2 units in the acidified water, indicating either limited pH compensation or buffering capacity. To the worse, the negative effects of ocean acidification on the nephropidae immune response and tissue homeostasis were more pronounced at higher temperatures, which may potentially affect disease severity and spread (Harvell et al., 2009) . Handisyde et al. (2006) compiled data of the impacts of climate change on aquaculture production.
In their compilation, drivers of climate related change in aquaculture production system are largely grouped as follows: changes in air and inland water temperature, solar radiation, and oceanographic factors such as sea surface temperature, acidification, currents, wind velocity, wave action, sea level rise, and rise in frequency or intensity extreme events. Of them, ocean acidification becomes particularly important issue in shellfish Aquaculture, raising a recent significant branch of science (Hall-Spencer et al., 2008) .
Mechanism behind the issue is complicated. Marine crustaceans for example, have capacity to build solid shells at lower pH levels (Kroeker et al., 2008; Ries et al., 2009) , however, there is a lack of understanding on how decreased ocean pH would affect the more general stress responses of crustaceans. Such studies have been conducted on the relationships between climate change and immune suppression in other marine species including bivalves (Bibby et al., 2008; Hernroth et al., 2012) .
The present study reviews potential damage of recent climate change on the farmed shellfish, focusing on the exacerbating effects of the elevated water temperature. We also reviewed the advantageous aspects of the global warming on water temperature management as a driver for fast growth and increasing growing season as an alleviator of aquaculture expansion pressure.
Climate change issues in aquaculture
Disease
Water temperature can be a direct factor in modulating immune function in aquatic organisms (Hrubec et al., 1996) . Both of increase and decrease in water temperature can take the role influencing immune system (Devlin and Nagahama, 2002; Dutertre et al., 2010) . In patho-physiological studies, cooler temperatures, for example, decrease antibody production (Burreson and Frizzell, 1986; Klesius, 1990) , and also inhibit non-specific immune functions (Scott et al., 1985) . Similarly, suppressed antibody production was found in the rainbow trout exposed to elevated water temperature (Van Ginkel et al., 1985) .
The other side of global warming in disease outbreak is that it may impose increasing degree of risks for farmed animal health if increasing water temperature leads to an increase in the incidence of diseases. Essentially, this could take place through a temperature-driven effect on the epidemiology of the disease. For example, higher temperature may boost the rate of disease spread through positive effects on fitness of pathogenic agents in a weakened host.
Increased temperature may also lengthen the transmission season leading to higher total prevalence of infection and more widespread epidemics for shellfish (Chu, 1996; Cook et al., 1998) . Temperature change-driven pathophysiology in aquatic organisms is summarized in Table 1 . (Hendriks et al., 2010; Kroeker et al., 2010) . Holt et al. (1993); 3, Lorenzen et al. (2009); 4, Hjeltnes et al. (1993); 5, Wolf (1988a); 6, Wolf (1988b); 7, Perez-Casanova et al. (2008) ; 8, Karvonen et al. (2010); 9, Marcos-López et al. (2010); 10, Jiravanichpaisal et al. (2004); 11, Cook et al. (1998) . . Decrease in pH directly influences on growth, mortality, behavior both for adult, juvenile, and larval bivalves (Welladsen et al., 2010; Bamber, 2011; Range et al., 2012) .
Ocean Acidification
Scientific data confirm that a number of marine lives have a capacity dealing with measured pH unit changed by climate change (Kroeker et al., 2008; Ries et al., 2009; Matozzo and Martin, 2011) . Pansch et al. (2012) point out complexity of acidification effects on invertebrates following the previous studies (Dupont et al., 2010; Hendriks et al., 2010; Kroeker et al., 2010) stating that the first comprehensive meta-analyses detected predominantly negative but highly variable responses of invertebrates to ocean acidification. The damaging effects appear to be species and habitat-specific.
Question is exacerbating effect of parameters induced by climate change. This is significant because ocean acidification will not act alone but rather in synchrony with other predicted environmental shifts such as temperature elevation. An empirical model by Findlay et al. (2010a,b) suggests that combined effects of warming and OA will have much stronger effects than single factors would have on the barnacle Semibalanus improvisus. Hernroth et al. (2012) studied cellular responses to stress through evaluating protein carbonyls and lipid oxidation in lobster hepatopancreata and found that acidified water Calcium containing shellfish Biomineralization, acid-base balance, emergy metabolism 13 (Wolf, 1988a,b; Hjeltnes et al., 1993) . Therefore, estimated damage by decreased temperature remains as a minor concern.
Gradual increase in water temperature elevation is one of the major concerns in the area of aquaculture.
According to climate change sciences, it is likely to be the most influencing parameter on a variety of life phenomena including physiology, phenology, behavior, and population dynamics which all are related to aquaculture system and management. Numerous studies on the potential effects of global warming on biological organisms and processes established a link between global change and changes in life cycles, physiology and behavior for a variety of lives (Brown et al., 1999; Root et al., 2003) . Of them, phenology, defined as the timing of seasonal activities, has been suggested as an indicator of ecosystem responses to global climate change (Parmesan, 2006) .
In the sense of Aquaculture, the phenological phenomena are crucially important for species, in which timing of the breeding is totally dependent on wild conditions. Conditions at wintering areas might accelerate or delay migration, and so trigger a mismatch between timing of migration and resource availability at the breeding sites (Taylor, 2008) . Under rapid climate change, this potential mismatch might be beyond the capacity to overcome (Bradley et al., 1999; Both and Visser, 2001) , especially for species with limited plasticity, in other words, limited ability to adapt to novel environmental conditions (Visser et al., 2004) .
It is well documented that temperature plays an important role in modulating immune function in fish (Hrubec et al., 1996) . Cooler temperatures decrease antibody production (Burreson and Frizzell, 1986; Klesius, 1990) , and also inhibit non-specific immune functions (Scott et al., 1985) . The effects of elevated temperatures, in spite of general expectation of their overall damage on fish life (Devlin and Nagahama, 2002; Dutertre et al., 2010) , have not been studied as thoroughly, but have been shown to suppress antibody production in rainbow trout (Van Ginkel et al., 1985) .
Nitrogen waste products and acidification are factors affecting health-related physiology of aquatic organisms, thus are a matter of concern in aquaculture management. The toxicity of ammonia and pH increases with increase of temperature, toxicity of pH being more significantly influenced by temperature variation (Kimlu and Eroldogan, 2004 ).
In the laboratory study, chemical toxicity and bioaccumulation are significantly affected by temperature (Howe et al., 1994) . Interactive effects between toxicity-modifying factors which are influenced by temperature need to be considered as a future study subject.
In spite of a sheer number of studies concluding the relationship between climate change and its damage to animal life processes, uncertainty still remains. For example, Mazaris et al. (2008) found that with increasing spring surface water temperature there was a trend towards earlier nesting, but there was no Fish generally show temperature optima for growth and survival (Gadomski and Caddell, 1991) . The optimum temperature for fish growth is usually higher than the temperature the species encounter in nature (Imsland et al., 1996; Jonassen et al., 1999) , and is stage-specific with juveniles preferring higher temperature to adults (McCauley and Huggins, 1979; Pedersen and Jobling, 1989) . Increased temperature, in some aspect, can be advantageous for aquaculture production. But temperature change beyond the adaptable range will have an impact on the suitability of farmed species in a given location. An alarming aspect of recent global warming on aquaculture is that many of the aquaculture species are maintained just below their upper tolerable temperature which might be shifted to damageable temperature by minor warming progress by climate change.
Farming area expansion
Shift in global biodiversity is one of the expected happenings by climate change, drawing attention towards defining the biological impacts of climate change (Harley et al., 2006) . Climate change together with changes by anthropogenic variants such as increasing deposition of nitrogen and pollutants, and habitat disturbance, can affect species distribution and resource dynamics in both terrestrial and aquatic ecosystems and consequently can interact with biological invasions (Vitousek et al., 1997; Dukes and Mooney, 1999; Rosenzweig et al., 2008) .
It is hard to make a clear elucidation for the mechanism between climate change and biodiversity in the ecosystem, but there are a number of observations bridging the two parameters reasonably (Occhipinti-Ambrogi, 2007; Richardson and Poloczanska, 2008; Wernberg et al., 2011) . In many cases the effect of climate change and invasive species have been implicated in the decline and even collapse of several marine ecosystems (Harris and Tyrrell, 2001; Stachowicz et al., 2002; Frank et al., 2005) . To the worse, if many adverse factors are working in combination, it may result in unexpected and irreversible consequences for the native communities (Occhipinti-Ambrogi and Savini, 2003; Whitfield et al., 2007; Wernberg et al., 2011) .
From an aquaculture point of view, the shift in biodiversity can be a new opportunity. The advantageous aspect might be potential introduction of foreign species into aquaculture business.
Aquaculture activity for foreign species establishes a new population on the new coasts (Ruesink et al., 2005; Wrange et al., 2010; Moehler et al., 2011) . et al., 1998; Wang et al., 2008; Seppälä and Jokela, 2011) . At the same time, rise in temperature can be an exacerbating factor when incorporated with existing risk parameters. In the study of pollutant toxicity of fish for example, it has been anticipated that the level of damage posed by pollutants may be exacerbated at higher temperatures. In general, the projected rise in average temperatures may increase chemical toxicity because aquatic organisms are more susceptible to metal and pesticide toxicity at higher temperatures (Cairns et al., 1975) and fish uptake of chemicals is temperature-dependent (Heugens et al., 2003) .
Some laboratory studies reported are arguing the suggested damages of shellfish by climate change. Range et al. (2012) Dutertre et al., 2010) . In reality, it may be achievable at the expense of corresponding loss at the opposite site. Rosenzweig et al., 2008) . In many cases the effect of climate change and invasive species have been implicated in the decline and even collapse of several marine ecosystems (Harris and Tyrrell, 2001; Stachowicz et al., 2002; Frank et al., 2005) . Therefore, it is highly suggested to carry out an appropriate risk assessment in advance of any proposed stock transfers or introductions for aquaculture purpose (Rosenfield 1992; Wolff and Reise, 2002; Ruesink et al. 2005) . Table 3 protein coding genes, and gene regulatory mechanism (Lavoie et al., 1995; Gourgou et al., 2010; Somero, 2010) . Drinkwaard, 1999) . Once established, the population further spread northward (Wehrmann et al., 2000; Smaal et al., 2009; Moehler et al., 2011) .
Introduction of alien species, despite possessing some attractive culture characteristics, has raised several issues related to ecosystem integrity such as new type of waste offload, genetic interactions, disease transfer, alterations of coastal habitats, and disturbance of wildlife (Carlton, 1996; Mack et al., 2000; Grigorakis and Rigos, 2011; Rius et al., 2011) .
Economic aspect of the new species in aquaculture can be another issue as the species are to be exposed to colder environment. Therefore, at a canonistic and legal basis, the establishment of a legal guideline for future aquaculture for new species is also strongly suggested to ensure viability in terms of ecosystem and economy. 
